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Introduction
The aim of this work was to evaluate an influence of doping elements (M = Sb, W), calcination temperature (850, 950, 1050, 1150°C) and composition (x = 0, 0.05, 0.10, 0.20, 0.30, 0.50) on color properties, particle size and electrokinetic potential of the rutile pigments Ti 1-3x Cr x M 2x O 2 . By one of aims was to verify a substitution of antimony for other charge-compensating element (respectively for tungsten), because antimony ranks among hygienic-ecological problematic element.
At present, a research of pigments is focused on expansion of color range of inorganic eco-friendly pigments. The emphasis is laid on ceramic pigments with high thermal and chemical stability. The trend of recent years is to replace common inorganic pigments with deleterious elements by other ecologically more acceptable pigments. One of the many possibilities it is to change a color of commercial materials by the using of suitable admixtures. New compounds which have other tint but the same original properties (for example crystal structure and high thermal and chemical resistance) are forming this way. Rutile pigments based on the mineral rutil (TiO 2 ) belong to these compounds [1].
Rutile pigments
Rutile (TiO 2 ) is thermodynamically the most stable form of titanium dioxide (for particles bigger than 10 nm). It crystallizes in the tetragonal system ( Fig. 1) , its density is 4210 kg m -3 , melting point 1850°C and Mohs hardness from 6.5 to 7. Above 400°C, a significant yellow color develops, caused by thermal expansion of the lattice (this is reversible). Above 1000°C, oxygen is liberated and lower titanium oxides are formed. This is accompanied by the change in color from white to pale blue and the change in electrical conductivity. Refractive index of rutile is the highest of all white pigments, namely 2.7. Used deposits of natural rutile are occurred in Australia, Africa,
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Rutile pigments are color ceramic pigments with high thermal (over 1000°C) and chemical stability and rang among Complex Inorganic Color Pigments (CICPs). These compounds have reduced tendency to act as a photocatalyst because of doping elements, making the pigments extremely resistant to chalking [4] .
The crystal structure of rutile pigments is modified by doping elements (chromophores and counterions), which vary the cell parameters, imply a progressive distortion of the octahedral site and a peculiar variation of the mean Ti-O bond length, with longer basal and shorter apical distance [5] .
Rutile pigments are suitable for through-body (up to 1250°C) and glaze applications (up to 1100°C). Due to their high thermal stability, they can be used not only for coloring polymers, plastics, inks, foods, external paints and building materials but mainly for ceramic glazes and porcelain enamels. Despite their intense and brilliant colors, rutile pigments have been progressively confined to low temperature ceramic applications, because of their partial solubility into the glazes over 1000°C, which is accompanied by the change in color [7] .
The rules of electroneutrality and a ratio cation : anion = 1 : 2 require the using of at least two dopants for the commercial pigments [8] [7] . Synthesis of these materials is most often based on solid state reaction and uses Hedvall effect, i.e., phase transformation from anatase to rutile, and oxidation of trivalent antimony with air. This anataserutile transformation takes place at temperature around 850°C and it is related with formation of highly defective reactive lattice, in which at the time of transformation it is possible to incorporate other ions [7, 9] . Phase transformation of raw materials and the fact, that rutile structure is well able to take doping elements due to its distorted octahedral lattice, also help to synthesis of these pigments [7] . The temperature of anataserutile transition varies in 400 -1200°C and depends on purity, particle size, morphology and surface area of raw materials, also on volume of sample, heating rate, reaction atmosphere and type of doping elements (e.g. their oxidation state) [9,10].
Electrokinetic (zeta) potential ζ
Inorganic pigments apply to different mediums (the socalled binders) which may be organic and inorganic. These applications are always linked to a dispersion of pigments into binders in the form of the dispersions mostly. During the dispergation, quite a number of processes, which affect the final properties of obtained systems, may happen. By one of these influences is electrokinetic (zeta) potential.
One of the important aspects of the study of dispersions is an understanding their stability, which depends critically on the magnitude of electrokinetic potential. This potential serves as an important parameter in characterizing the electrostatic interaction between particles in dispersed systems and the properties of the dispersions. Therefore, electrokinetic-potential control has been successfully applied to various technical fields involving colloidal and non-colloidal systems to assess their stability [11] [12] [13] .
The stability in dispersions can be defined either in terms of their tendency to aggregate or to sediment and is determined by the balance between the electrostatic repulsive forces between similarly charged particles and the attractive van der Waals forces, which is described by DLVO (Deryaguin-Landau-Verwey-Overbeek) theory. According to this theory, the total energy of interaction between colloidal particles is given by the sum of the attractive and repulsive energies. As two particles come together, they must collide with sufficient energy to overcome the energy barrier [12, 13] .
Electrokinetic (zeta) potential is the surface property of pigments and is defined like the potential difference in the electric double layer at the location of the slipping plane (i.e., interface between mobile (inner) and immobile (outer) layer) versus a point in the bulk fluid away from the phase interface (Fig. 2) . It means electrokinetic potential is potential difference on phase interface, which forms at the relative motion of solid particle with electric double layer against a solution. It is complicated quantity, because it is not directly measurable and because it depends on many factors, for example temperature, pH and concentration of solution, ionic strength, particle size, size of ions, used apparatus, etc. In addition, these factors interact. But electrokinetic potential is very important for pigmentary dispersions, because it is indicator of their stability and fluidity. The general dividing line between stable and unstable dispersions is taken at ±30 mV. Particles with electrokinetic potential more positive than +30 mV or more negative than -30 mV are considered stable. So that, dispersions are steadier with electrokinetic potential further from zero (the so-called isoelectric point or the point of maximum instability) [14, 15] . Powdered raw materials were homogenized in a porcelain mortar, moved to corundum crucible and annealed in an electric furnace at temperatures 850, 950, 1050, 1150°C for 2 hours with heating rate 10°C min -1 . Prepared pigments were applied to organic matrix (dispersive acrylic paint Parketol, Balakom, a. s. Opava, Czech Republic) in mass-tone. The particle size distribution, electrokinetic potential and phase composition were also determined.
Experimental procedure

Synthesis of pigments
Measurement of color properties
Color properties of applied pigments were measured by spectrophotometer ColorQuest XE (HunterLab, Inc. Reston, USA) which gives spectral and trichromatic data. This instrument has wavelength range from 400 to 700 nm, wavelength interval 10 nm and xenon lamp. Standard illuminant D 65 is used like internationally recommended white daylight, measuring condition is d/8°, 10° supplementary standard observer and color space CIE L*a*b* are used. L* is lightness from 0 (black) to 100 (white), a* and b* are color tones from +a* (red) to -a* (green) and from +b* (yellow) to -b* (blue). Chroma C and hue H 0 of color were calculated from the Eqs. 3 and 4.
Chroma C determines a purity of color from 0 (grey) to 100 (pure color), it means chroma is the degree of difference between a color and grey. 
Measurement of particle size distribution
Particle size, more precisely Particle Size Distribution (PSD), was measured by laser apparatus Mastersizer 2000/MU (Malvern Instruments, Ltd. Worcestershire, UK), which uses the laser diffraction on particles dispersed in some medium and which enables to assess measured signal by Mie scattering theory and Fraunhofer diffraction theory. Wide size range is from 20 nm to 2 mm. A blue light (wavelength 466 nm, solid-state light source) for wide angle forward and back scattering is used in conjunction with red light (wavelength 633 nm, He-Ne laser) for forward, side and back scattering. This combination provides superior sensitivity across a wide size range.
At the measurement, solution of tetrasodium diphosphate Na 4 P 2 O 7 (40 ml) with concentration 0.15 g L -1 was added to sample (0.5 g). This suspension was undergone dispergation in ultrasonic bath for 2 minutes. During dispergation, solution of tetrasodium diphosphate (4.8 mL) with concentration 3 g L -1 was added to distilled water (800 mL) and background was measured. Dispersed suspension was transferred into this solution immediately after dispergation up to maximum concentration 12.5±0.5% and measurement was turned on. 
Measurement of electrokinetic (zeta) potential
The measurement of electrokinetic potential was performed on instrument ZetaPALS (Brookhaven Instruments Corp., Ltd. Holtsville, USA) which makes use of dynamic light scattering and motion of particles in electric field between electrodes. ZetaPALS also enables to measure particle size distribution (from 20 nm to 3 μm). Frequency of used laser beam is 10 14 Hz, scattered beam is scanned under angle 15° and its Doppler shift is hundreds hertz, original beam is modulated on 250 Hz, inserted electric field has value about 15 V cm -1 and Smoluchowski Eq. 5 resulting from electrophoretic mobility μ is used for calculation of electrokinetic potential ζ.
where η is dynamic viscosity of dispersion medium, ε 0 vacuum permittivity (permittivity of free space) and ε r relative permittivity (dielectric constant) of dispersion medium [11] . At the measurement, pigment (32 mg) was added to 0.001 M solution of potassium chloride KCl (20 mL). This suspension was undergone dispergation in ultrasonic bath for 2 minutes and after that it was measured. Electrokinetic potential was measured three times. These values were averaged and population standard deviations were calculated.
Electrophoretic light scattering (ELS)
Electrophoretic light scattering (ELS) is laser diffraction method based on dynamic light scattering. By the help of Doppler effect, this method measures terminal velocity of particles creating a dispersion, whereas the direct-current electric field generated between electrodes effects on measured dispersion (the principle of electrophoresis). Therefore, particles are attracted to the oppositely charged electrode by the velocity directly proportional their charge. At the same time a laser beam, which is scattered by a moving particles and after that it is detected, passes through dispersion in plastics cuvette. Simultaneously, there is a Doppler shift in frequency of monochromatic beam scattered by a charged particles. So measured parameter is the frequency shift of the laser beam scattered by a moving particles. From this shift it is possible to calculate a terminal velocity, then electrophoretic mobility and finally electrokinetic potential [13, 18] .
X-ray powder diffraction (XRD)
Diffractometer D8 Advance (Bruker AXS, Ltd. Coventry, UK) with a scintillation counter was used for X-ray powder diffraction. Goniometer radius is 17 cm, X-ray of copper and secondary monochromator are used. Wavelength of applied X-ray is K α1 = 0.15418 nm for angle 2θ < 35° and K α2 = 0.15405 nm for angle 2θ > 35°. Measuring range of 2θ is from 10 to 80°. Table 1 represents an effect of composition on color properties of pigments Ti 1-3x Cr x M 2x O 2 prepared at calcination temperature 1050°C. It is possible to find out, that with growing amount of doping element (x) the color coordinates a*, b* and lightness L* decline (which results in a darkening of pigments, whereas the samples containing tungsten are more darker); chroma C and hue H 0 decrease too, but hue H 0 at pigments obtained from Sb 2 O 3 increases. Chroma (purity) C is the highest for sample with x = 0.05 for both elements (C Sb = 55.08 and C W = 49.48). However, pigments with antimony give higher values of chroma. Values of hue H 0 for pigments with antimony are at interval from 69.9 to 116.3° and color changes from white (x = 0), over yellow (x = 0.05) to green (x = 0.10 -0.50). On the other hand, values of hue H 0 for pigments containing tungsten lie at range from 37.5 do 100.4° and tint is white (x = 0), orange (x = 0.05) and brown (x = 0.10 -0.50). From these results it stands to reason, that using of tungsten in place of antimony makes itself feel a change of hue from white to orange and brown. This hue is darker and with less chroma (purity). It is linked to a color transition from green (at lower temperature) to brown (at higher temperature). The samples containing tungsten are characterized only by brown color and by hue H 0 from 36.4 to 66.7°. These findings mean, that pigments synthesized from WO 3 in place of Sb 2 O 3 have darker brown hue with less chroma (purity) again.
The color of prepared rutile pigments of type Ti 1-3x Cr x Sb 2x O 2 is yellow, green and brown. On the other side, pigments Ti 1-3x Cr x W 2x O 2 are orange and brown. This is shown in Fig. 3. 
Mean particle size d 50 and electrokinetic potential ζ
Concentration (x) and calcination temperature are parameters affecting the particle size and electrokinetic potential, which also depends on particle size and phase composition. All prepared pigments have polydispersed particle size distribution (Fig. 4) . The negative values of electrokinetic potential mean, that the pigmentary particles are negative too.
Mean particle size d 50 of the pigments varies in interval 1.1 -2.0 μm, whereas pigmentary particles prepared from WO 3 are smaller. Particle size should increase with growing calcination temperature. Negative electrokinetic potential ζ ranges from -43.8 to -18.5 mV, when pigments with antimony give lesser values and more stable dispersions (Fig. 5) . Electrokinetic potential decreases up to an amount x = 0.20 and up to temperature 1050°C, where it reaches a minimum, and after that it grows mostly. From measured date (Tables 3 and 4 ) it is evident, that the least mean particle size is often linked to the least values of electrokinetic potential, e.g. at calcination temperature 1050°C, Sb 2 O 3 as raw material and composition x = 0.20 (Ti 0.4 Cr 0.2 Sb 0.4 O 2 ) the mean particle size d 50 is 1.12 μm and electrokinetic potential ζ is -43.81 mV. (Fig. 7) are similar, i.e., optimal temperature is 1150°C again and a number of phases decreases with growing calcination temperature. It appears, that the highest electrokinetic potential (the least stable dispersion) is linked with a lesser number of phases into pigments. In all cases, the most intense diffraction peak is shifted towards lesser diffraction angles corresponding to bigger interplanar distances (distance between atomic layers in a crystal). 
Diffractograms of pigments Ti
Conclusions
Mostly, mentioned pigments have saturated hues (C = 11.1 -55.1), which for pigments obtained from Sb 2 O 3 at lower calcination temperature transition from lightly to darkly green and at higher calcination temperature from orange, to brown and green. In the case of pigments with tungsten, the color at lower calcination temperature is darkly orange, brown and green and at higher calcination temperature it changes from darkly orange to darkly maroon. Orange pigment Ti 0.85 Cr 0.05 Sb 0.10 O 2 (x = 0.05) synthesized at temperature 1050°C gives the most saturated hue (C = 55.08). The pigments with tungsten are mainly brown, darker and with less chroma (purity of color). Selected pigments have mean particle size at interval from 1.1 to 2.0 μm and electrokinetic potential from -43.8 to -18.5 mV. So that, most of these pigments gives stable dispersions, because critical stability is ±30 mV. The pigments with tungsten have smaller particles and less stable dispersions, because their electrokinetic potential is closer to zero.
The optimal conditions for synthesis of these rutile pigments are Sb 2 O 3 as raw material, calcination temperature 1050°C and composition x = 0.20 (Ti 0.4 Cr 0.2 Sb 0.4 O 2 ). This orange-green pigment has high stable dispersion (ζ = -43.81 mV) and good color properties (chroma C = 39.50). However, brightly orange pigment Ti 0.85 Cr 0.05 W 0.10 O 2 (x = 0.05) synthesized at temperature 1050°C gives "the finest" color with higher chroma (C = 49.48), but less stable dispersion (ζ = -37.32 mV). In light of phase composition, the optimal calcination temperature is 1150°C.
